Abstract-Intracellular calcium oscillation caused by receptor activator of nuclear factor kappa-B ligand has been demonstrated to promote the differentiation of osteoclasts. Osteoclasts are recruited on the surface of trabeculae, and are exposed to fluid flow caused by the deformation of the bone matrix. However, the roles of fluid shear stress (FSS) on calcium response during the differentiation process of osteoclasts are still unknown. In the current study, the formation of tartrate-resistant acid phosphatase-positive, multinucleated osteoclasts from RAW264.7 macrophage cells were induced by co-culturing them with the conditioned medium from MC3T3-E1 osteoblasts. The in situ observations showed a high correlation between the area and the nuclear number of osteoclasts. The cells were stimulated by FSS at different levels (1 or 10 dyne/cm 2 ) before (0 day) or after being induced for 4 or 8 days. The mechanically-induced calcium response was recorded and analyzed. The results indicated a different property of calcium oscillation for the osteoclasts in different fusion stages (i.e., more calciumresponsive peaks appeared in small osteoclasts than those in the larger ones). The rates of calcium influx decreased and the time of recovery in osteoclast cytosol increased along with the fusion of osteoclasts. In addition, increasing the FSS level enhanced the calcium oscillation of osteoclasts at early induction (4 days). However, this effect was weakened at the late induction (8 days). The present work could help provide understanding regarding the mechanism of the involvement of calcium in mechanically induced bone remodeling.
INTRODUCTION
Calcium signaling in osteoclasts regulates numerous cellular functions, such as differentiation, proliferation, migration, and bone resorption. The binding of the receptor activator of nuclear factor kappa-B ligand (RANKL) with the membrane receptor activator of nuclear factor kappa-B on an osteoclast could induce intracellular calcium oscillations, 9 which would last until the formation of multinucleated osteoclasts. 13 Calcium oscillation is closely related to the differentiation stages of osteoclasts, supported by the fact that the ability of calcium oscillation of osteoclasts at early differentiation is stronger than that at late differentiation. 15 The elevation of intracellular calcium concentration activates calcineurin, which further leads to the activation of the nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1). NFATc1 can upregulate the expression of tartrate-resistant acid phosphatase (TRAP), cathepsin K, and b3 integrin; thus, osteoclastogenesis and bone absorption are enhanced. 13 The above results indicated that calcium oscillation is an important index of osteoclastic activity and is closely correlated with the differentiation stages.
The bone contains a large number of cavities, such as lacunar space and canaliculi, which are fully filled with tissue liquid. When the bone tissue is loaded, the deformation of the bone matrix drives the fluid to flow on the surface of the trabeculae or lacunae, and bone cells residing on these surfaces experience fluid shear stress (FSS). Some in vivo 5, 6 and in vitro 11 studies revealed that FSS could activate the differentiation of osteoclasts and bone resorption. A few studies showed that some types of mechanical stimulations, such as the single-cell indentation by a glass pipette [18] [19] [20] or whole-cell membrane stretching by changing the osmotic pressure, 17 could lead to significant intracellular calcium response in osteoclasts. The increase of cytosolic calcium concentration responding to mechanical stimulations are mainly from the influx of extracellular calcium and the release of intracellular calcium stores, such as endoplasmic reticulum (ER) in osteoclasts. 19 The intercellular calcium signaling between osteoblasts and osteoclasts can be found when both types of cells are cocultured. 7 However, no studies concerning the relationship between FSS and calcium response in osteoclasts are available.
Osteoclasts originate from hematopoietic stem cells characterized by fusing monocytes into multinucleated giant cells. The presence of osteoblasts is necessary for this differentiation process, 9 which is mainly due to the regulating roles of the secretions of osteoblasts containing macrophage colony-stimulating factor (M-CSF) and RANKL. Either the nuclear number of osteoclasts or the induction time is used to judge the stage of osteoclastic differentiation. However, the cellular behavior at various differentiation stages lacks adequate investigations. In addition, the calcium response under mechanical stimulations at different induction times and fusion stages is still unknown.
In the present work, the differentiation of RAW264.7 macrophage cells to osteoclasts was induced and the calcium response of osteoclasts with different nuclear numbers (1, 2-5, and ‡6) at different induction times (0, 4, and 8 days) under different levels of FSS (1 and 10 dyne/cm 2 ) was observed. The current experimental results showed that the FSS-induced calcium oscillation occurred in small osteoclasts but disappeared in the large ones, suggesting a correlation between the oscillation property of osteoclasts and their differentiation stages.
MATERIALS AND METHODS

Materials
The MC3T3-E1 cells were purchased from the American Type Culture Collection (ATCC, Manassas, USA). The RAW264.7 cells were purchased from the European Collection of Cell Cultures (ECACC, Wiltshire, UK). Dulbecco's Modified Eagle's Medium (DMEM/high glucose), alpha modified Minimum Essential Medium (a-MEM), phosphate buffered saline (PBS), trypsin-EDTA, penicillin/streptomycin, and L-glutamine were provided by Hyclone (Thermo Scientific, Beijing, China). The Mouse TRANCE/RANKL/ TNFSF11 Quantikine ELISA kit and Mouse M-CSF Quantikine ELISA kit were provided by R&D System (Minneapolis, USA). Dimethyl sulfioxide (DMSO) and TRAP Staining Kit were purchased from Sigma (St. Louis, USA). Thermanox plastic coverslips were purchased from NUNC (Roskilde, Denmark). Fetal bovine serum (FBS), Fluo-4 AM, Pluronic F-127, and Hoechst 33342 were purchased from Invitrogen (Eugene, USA).
Conditioned Medium from Osteoblasts
The MC3T3-E1 cells were seeded in dishes at a density of 2 9 10 4 cells/cm 2 and maintained in a-MEM supplemented with 10% heat-inactivated FBS and 1% penicillin-streptomycin solution at 37°C in a humidified atmosphere of 5% CO 2 . The medium was changed every 48 h, and the conditioned medium was collected. The RANKL content in the conditioned medium was measured using Quantikine Mouse RANKL immunoassay. The 50 lL conditioned medium sample with 50 lL assay diluent in the microplate coated with RANKL antibody was incubated for 2 h at room temperature. After aspirating and washing each well five times, 100 lL substrate solution mixed with color reagents A and B was added to each well and incubated for 30 min. The optical density at 450 nm was obtained and the concentration of RANKL from a standard curve was calculated. The procedure was repeated three times.
Induction and Identification of Osteoclast Differentiation
RAW264.7 cells were seeded at a density of 2 9 10 4 cells/cm 2 on plastic coverslips. After 24 h, the medium was replaced with a 1:1 (v/v) mixture of the conditioned medium and the growth medium of DMEM supplemented with 10% heat-inactivated FBS, 3.5 mM L-glutamine, and 1% penicillin-streptomycin solution. The time point prior to the induction was described as '0 day'. The induction medium containing the conditioned medium was changed every other day. The multinucleated osteoclasts with more than 2 nuclei were visible after 2-days induction.
TRAP Staining Kit was used to identify the formation of TRAP-positive, multinucleated osteoclasts. A coverslip with cells was rinsed three times with PBS and then fixed with citrate-acetone solution for 30 s at room temperature. Next, the coverslip with the reaction solutions containing fast garnet GBC solution, naphthol AS-BI phosphate solution, acetate solution, and tartrate solution was incubated for 1 h at 37°C. The cells were then counterstained for 2 min with hematoxylin solution. Finally, the coverslip was allowed to dry in air, and the cells were observed under a microscope. The osteoclasts with active acid phosphatase showed purplish to dark red granules in the cytoplasm.
Cellular Spreading Area and Nuclear Number
Hoechst dye was used to stain the cellular nuclei. The cells were first fixed with 3.7% formaldehyde for 5 min and were stained with 0.2 mM Hoechst for 10 min at room temperature after rinsing three times with PBS. The nuclear number of an osteoclast was counted in the fluorescent image and the spreading area of the same cell was measured through in situ light microscopic image. The calibrated correlation between the cellular spreading area and nuclear number can be used to estimate the nuclear number of multinucleated osteoclasts through their areas in calcium staining images, in which the nuclei of cells are invisible.
Intracellular Calcium Response Under FSS
After cells were seeded on a plastic coverslip at a density of 4 9 10 5 cells/cm 2 for 1 day the cytosolic calcium was stained with 5 lM of Fuo-4 AM in DMSO and 0.02% Pluronic F-127 for 2 h in a culture medium at room temperature. The coverslip was rinsed with dye-free medium twice, and was mounted on a custom-made parallel plate flow chamber. The entire operation was performed with extreme caution to minimize the response of cells to early agitations. The subsequent 20-min resting period was shown to be sufficient for cells to recover the stable state for repetitive calcium responses. The calcium response of cells under the steady fluid flow stimulation was recorded with a charge-coupled device camera (IM-AGO-QE) for 10-min (i.e., 1 min for baseline followed by the 9-min fluid flow stimulation). The fluorescence intensity of the calcium concentration for each cell was later normalized by its corresponding baseline.
Statistical Analysis
More than 10 coverslips were tested for a specific induction time and FSS level. In one group, 115-322 monocytes, 116-261 osteoclasts (2-5 nuclei), and 9-18 osteoclasts ( ‡6 nuclei) were analyzed. All the results were expressed as mean ± standard error of the mean (SEM). Statistical differences between the mean values of different groups were determined using one-way ANOVA, and was considered significant when p < 0.05. The statistical analysis was performed using the ImageJ 1.44 and Origin 8.1 software.
RESULTS
The Conditioned Medium from MC3T3-E1 Cells is Capable of Inducing Formation of Osteoclasts
The ELISA assay showed that the concentration of soluble RANKL secreted from MC3T3-E1 cells cultured for 48 h in the conditioned medium was 32 ± 4 pg/mL. Almost all cells were TRAP-positive after the RAW264.7 macrophage cells were cultured in 50% conditioned medium from MC3T3-E1 osteoblasts (Fig. 1a) . The Hoechst staining images merged with in situ light microscopic images revealed that multinucleated osteoclasts were formed (Fig. 1b) . Less than 1% multinucleated cells appeared in the non-induced RAW264.7 cells. However, the percentage of multinucleated cells increased to 7 or 9% after the 4-or 8-days induction, respectively, showing that increasing induction time enhanced the fusion of osteoclasts (Fig. 1c) . The number density of cells for the 4-and 8-days induction decreased by 11 and 27% compared with that before the induction. However, no significant difference was found (Fig. 1d) .
The Size of Osteoclast is Correlated to Nuclear Number
The number of multinucleate RAW264.7 cells prior to induction (Fig. 1c) was not calculated when the correlation between cellular size and nuclear number was analyzed because of rarity. Figure 1e shows that the average area of cells with same nuclear numbers was obviously independent of induction times. In the early fusion of osteoclasts, the cellular area increased from 120 lm 2 for monocytes to 710-760 lm 2 for 6-nuclei osteoclasts. However, the increasing trend was not obvious in the late fusion of ‡6 nuclei, during which the area of cells varied in the range of 700-900 lm 2 . The cells were divided into three groups, i.e., monocytes, small (2-5 nuclei), and large ( ‡6 nuclei) osteoclasts according to the area-nuclear number correlation. The box chart showed that the distribution of cellular area in the three groups was not symmetrically Gaussian (Fig. 1f) . The dispersion of the cell size in 4-days induction group was larger than that in the 8-days induction group (Fig. 1f) , indicating that more cells have undergone fusion in a shorter induction time. The dashed lines in Fig. 1f indicated the area thresholds to distinguish nuclear number, i.e., the cells with an area of less than 161 lm 2 were regarded as monocytes, with an area larger than 435 lm 2 as osteoclasts with ‡6 nuclei, and the others as osteoclasts with 2-5 nuclei. Although the area distribution of these groups overlapped each other, the error should be lower than 10% (Fig. 1f) . Fluo-4 AM staining did not change the cellular spreading area compared with the nucleus staining by Hoechst (data not shown). Thus, the nuclear number of cells can be estimated through the spreading area measured in calcium staining images.
FSS Induces Calcium Response in RAW264.7 Cells and Osteoclasts
The time-lapse intracellular calcium images showed that after 4-d induction, most of the cells produced calcium response to FSS (1 dyne/cm 2 ), and some cells presented multiple responses (Fig. 2a) . Figure 2b showed the typical calcium response curves of osteoclasts with different nuclear numbers to two FSS levels and varying induction times. After the onset of fluid flow, the cytosolic calcium concentration in most cells increased quickly to a maximum and then decreased to the baseline, producing a responsive peak. Some cells have multiple responsive peaks called calcium oscillation. Figure 2b revealed that the profiles of calcium response curves were influenced by shear levels, induction times, and nuclear numbers. To further quantitatively analyze the characteristics of calcium response, some parameters (see the inset of Fig. 2b) were defined. The number of responsive peaks indicates the calcium oscillation capability of a cell. The time to the first peak (t1) denotes the speed of calcium response to FSS. The magnitude of the first peak (m1) of normalized fluorescent intensity reveals the relative amount of calcium influx into cytosol. The time from the first peak to its 50% relaxation point (t2) shows the speed of calcium recovery to the base level. The time intervals between peaks (t3, t4) reflect the speed of calcium oscillation.
FSS-Induced Calcium Oscillation Reduces in Late Differentiated Osteoclasts
Figures 3a to 3c showed that the calcium responsiveness of cells depends on induction time, FSS level, and nuclear number. Prior to induction, 37 and 23% of monocytes could not respond to 1 and 10 dyne/cm 2 FSS, respectively (Fig. 3a) . After being induced with the conditioned medium, the proportion of nonresponsive cells significantly decreased to less than 10% for monocytes or 2-5 nuclei cells, and this decreasing trend was enhanced by the increasing FSS level (Figs. 3b and 3c) . However, in the early induction, the larger multinucleate cells with ‡6 nuclei had weaker responsiveness, and about 38-50% of the cells showed no response to the FSS stimulation.
At low FSS level of 1 dyne/cm 2 , there were 62% non-induced RAW264.7 cells producing at least one calcium response peak (Fig. 3d) . After 4-or 8-days induction, the average number of responsive peaks for monocytes increased to 1.6 or 2.1 (Figs. 3e and 3f) , respectively, which were significantly higher than that of the non-induced cells (p < 0.05). However, the calcium oscillation abilities of osteoclasts depended on the FSS levels. In non-induced and 4-days induction groups, higher FSS level increased the number of peaks. By contrast, this number decreased in the 8-days induction group to 1.6, 1.3, and 1 for monocytes, osteoclasts with 2-5, and ‡6 nuclei, respectively. The result showed that the calcium oscillation property of osteoclasts at different induction time differs with FSS levels.
In the 4-or 8-days induction groups, the number of calcium responsive peaks significantly decreased when the cells fused into larger osteoclasts (Figs. 3e and 3f) . The number of peaks in large osteoclasts with ‡6 nuclei reduced to 1.1 for the 4-days group and 1.4 for the 8-days group under low FSS. Under high FSS, the large osteoclasts only had one calcium peak. These results showed that the calcium oscillation ability of the cells was significantly reduced in the late fusion of osteoclasts.
The time intervals between the responsive peaks became longer for the non-induced RAW264.7 cells with increasing FSS level (Fig. 3g) , indicating that cells need more time to recruit the cytosolic calcium ions back into the intracellular calcium stores or to pump them out of cells, preparing for a subsequent peak. The nuclear number of cells had no influence on the time intervals except that the larger osteoclasts took longer time to have multiple responses under low FSS level at the late induction time (8 days).
The Sensitivity of Calcium Response to FSS Reduces in Late-Differentiated Osteoclasts
In the non-induced group under 1 dyne/cm 2 FSS, RAW264.7 cells needed about 118 s to reach their first responsive peak with the magnitude of 2 (Figs. 4a and  4g) , then took 113 s to go down from the peak to the 50% relaxation point (Fig. 4d) . When FSS increased to 10 dyne/cm 2 , RAW264.7 cells required a much shorter time of 23 s to the first peak and quickly relaxed to 50% in 30 s.
Under low FSS level, the induction by the conditioned medium enhanced both the speeds of calcium influx and recovery in monocytes. In the 4-days induction group, monocytes took 47 s to produce the first peak (Fig. 4b) and 44 s to relax to 50% (Fig. 4e) , and both times were shorter by 60% compared with the non-induced group, whereas the magnitude of the first peak of normalized fluorescent intensity was higher by 30% (Fig. 4h) . When FSS level increased, calcium influx or recovery time in the induced monocytes had no obvious changes except for the magnitude of the first peak, which increased to 30% compared with non-induced cells. In addition, the induction time had no influence on the corresponding parameters of the first peak (Figs. 4c, 4f, and 4i) . These results showed that the conditioned medium from osteoblast could improve the magnitude of calcium responsive peaks and accelerate the speed of calcium influx and recovery under low FSS, but not under high FSS.
The ability of calcium influx and recovery of osteoclasts was significantly reduced along with their fusion into larger cells. In the 4-days induction group under low FSS, small and large osteoclasts took longer time to get to their first peaks by 51 and 83% compared with monocytes, respectively (Fig. 4b) , as well as longer time to the reach 50% relaxation point by 45 and 163%, respectively. With increased FSS level, the response and relaxation times between monocytes and small osteoclasts had no significant difference, but became longer in osteoclasts with ‡6 nuclei (Figs. 4b,  4c, 4e, and 4f ). In the 8-days induction group under low FSS, the slowing-down trend of calcium response and recovery was similar to the early induction. However, under high FSS, there was no significant difference among osteoclasts in different fusion stages. After the addition of the induction medium, the magnitudes of the first peaks showed no relationship with fusion stages and induction times. These results indicated that osteoclasts in different fusion stages had varying ability of responding to FSS.
DISCUSSION
In the current study the conditioned medium from osteoblasts was adopted to stimulate the differentiation of osteoclasts. The previous studies have demonstrated that hematopoietic stem cells could differentiate into multinucleated, bone-resorbing osteoclasts induced by both M-CSF and RANKL. 2, 10 However, in some cases, e.g., when knocking down IP3R2/3 channel proteins, bone marrow macrophage cells were not capable of differentiating into osteoclasts even in the presence of RANKL and M-CSF. The experimental results also showed that the differentiation process restarted when the cells were cocultured with osteoblasts, 9 which means that some factors excluding RANKL and M-CSF from osteoblasts or direct contact with osteoblasts may be critical in the regulation of osteoclast differentiation. Therefore, culturing osteoclast precursors with osteoblast secretion may be an approach close to an in vivo condition for their differentiation. The TRAP results of the current study demonstrated that the conditioned medium successfully induced the differentiation of RAW264.7 macrophage cells into TRAP-positive, multinucleated osteoclasts after 48 h induction. This regulation role of the conditioned medium may be due to RANKL. The amount of RANKL in the conditioned medium (32 ± 4 pg/mL) was measured, which was similar to previous measurement results of 10 pg/mL RANKL secreted by MC3T3-E1 cells cultured for 24 h. 16 When we incubated RAW264.7 cells with 20 ng/mL RANKL, the number of RANKL-induced multinucleated osteoclasts didn't have significant difference with that of osteoblasts-induced formation of osteoclasts after 4-days induction but 8-days incubation with RANKL induced about 12% of multinucleate cell, which is significantly higher than 9% of multinucleate cell induced by conditioned medium from osteoblasts (data not shown).
Researchers usually use the indexes of induction time or nuclear number to identify the differentiation stages for monocytes/macrophage cells to multinucleated osteoclasts. One study found that RAW264.7 macrophage cells with soluble RANKL and primarily isolated hematopoietic stem cells with M-CSF and RANKL showed positive TRAP staining after 4-days culture, and can maintain the osteoclastic lineage for 10-16 days. 15 When RANKL was used during induction, the formation of osteoclasts with more than 3 nuclei showed the first peak at 4 days of induction, but the number of osteoclasts in apoptosis increased and achieved the first apoptosis peak at 8-days induction, thus the density of osteoclasts decreased about sevenfold compared with the 4-days induction.
1 Therefore, the 4-days induction made monocytes more active to differentiate into mature multinucleated osteoclasts than the induction for 8-10 days. The same reason was also used when the 4-days induction was chosen as the early stage of differentiation of osteoclasts and 8-days induction as the late stage. Being consistent with this observation, Hoechst staining results of the present study showed that the apoptotic fragments of cells after the 8-days induction were obviously more than those after the 4-days induction (data not shown). The number of nuclei is another index to identify the differentiation stage of an osteoclast. One study showed that osteoclasts with £4, 5-10, and >10 nuclei had different number of calcium oscillation caused by RANKL, concluding that the ability of calcium oscillation in the early differentiation was stronger than that of the late differentiation. 12 The current experimental results demonstrated that calcium oscillation under FSS in large osteoclasts was notably weaker than those in monocytes and small osteoclasts. These data showed that calcium oscillations attenuated at late fusion under either RANKL-or FSS-stimulations. The results also revealed that the nuclear number of osteoclasts could be a better index of differentiation than induction time because the calcium response under FSS was consistent at different fusion stages. Given that longer induction caused higher ratio of multinucleated osteoclasts in all cells, induction time will be a complementary index in identifying the differentiation stages of osteoclasts.
There are still no reports about the calcium response of osteoclasts to FSS to date. Thus, the present study will provide fundamental data for deeply understanding the regulation mechanism of the mechanical stimulations on bone resorption of osteoclasts. The increase of FSS level at late fusion reduced the calcium oscillation. Given that calcium oscillation could enhance the resorption ability of osteoclasts, 15 high FSS level might inhibit the functions of osteoclasts. Some studies showed that high mechanical stretching strain can inhibit the formation of osteoclasts, 8, 14 but a cell-level experiment demonstrated that TRAP activity and the number and size of resorption pits increased with increasing FSS (6-20 dyne/cm 2 ) on osteoclasts.
11 Therefore, it is necessary to clarify the correlation among FSS levels, calcium response of osteoclasts, and bone resorption in the future.
Some studies also demonstrated that RANKL could lead to calcium oscillation in the cytosol of osteoclasts, and that the oscillation in small osteoclasts (<5 nuclei) was stronger than larger osteoclasts. 12 More than 60% cells with <5 nuclei had calcium oscillation, but this value decreased to 40% for osteoclasts with 5-10 nuclei. No oscillation was observed in osteoclasts with >10 nuclei. The frequency of calcium oscillation was statistically 0.8 peaks per minute and the amplitude was about 17% higher than the baseline. The form of stimulation (chemical or mechanical) and its magnitude decides the pattern of calcium oscillation in osteoclasts, which induces more downstream signaling molecules, such as NFATC1, necessary for osteoclastogenesis. 3, 4 The current results showed that FSS could induce calcium response in osteoclasts, which was obviously different with that induced by 100 ng/mL RANKL after 5-days incubation shown in another study. 12 The amplitude of calcium responsive peaks induced by FSS was five times of that induced by RANKL. However, the time interval between peaks for FSS was five times longer than RANKL. The calcium peaks induced by RANKL were lower and sharper, and the average time length of peaks was about 20 s. Furthermore, the time length of peaks induced by FSS varied from 30 to 120 s. To prevent the coupled effect of RANKL and FSS from calcium response during the current experiment, the conditioned medium from osteoblasts that should contain RANKL when exerting FSS to cells was not used. Similar to the calcium response induced by RANKL, 12 the current results proposed that FSS can induce calcium oscillation in small osteoclasts with <6 nuclei, but only caused single calcium peak or even no calcium response in large osteoclasts (see Fig. 5 ). If the calcium oscillation caused by FSS could promote osteoclastogenesis and bone resorption, the above results will conclude that high FSS may activate the resorption ability of small osteoclasts and inhibit the function of larger osteoclasts.
In conclusion, the current results showed that under FSS stimulations, more calcium responsive peaks were found in small osteoclasts than in the larger osteoclasts. Increasing FSS enhanced the calcium oscillation of osteoclasts at early induction, but impeded it at late induction. Furthermore, the calcium responsive sensitivity of osteoclasts to FSS was reduced along with the fusion of osteoclasts.
